A. Liebman, J. Biol. Chem. 258, 12106 (1983); H. Shichi, K. Yamanoto, R. L. Somers, Vision Res., in press. Two effects of light on rhodopsin appear to be related to the control of retinal cyclic GMP. One is to initiate events that result in activation of phosphodiesterase. The other is to convert rhodopsin into a form capable of being phosphorylated by RK. The resulting phosphorylation appears to decrease the potency of photolyzed rhodopsin to activate phosphodiesterase. Abstract. Natural and synthetic methylxanthines inhibit insect feeding and are pesticidal at concentrations known to occur in plants. These effects are due primarily to inhibition of phosphodiesterase activity and to an increase in intracellular cyclic adenosine monophosphate. At lower concentrations, methylxanthines are potent synergists of other pesticides known to activate adenylate cyclase in insects. These data suggest that methylxanthines may function as natural insecticides and that phosphodiesterase inhibitors, alone or in combination with other compounds, may be useful in insect control.
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Caffeine and Related Methylxanthines: Possible Naturally Occurring Pesticides
Abstract. Natural and synthetic methylxanthines inhibit insect feeding and are pesticidal at concentrations known to occur in plants. These effects are due primarily to inhibition of phosphodiesterase activity and to an increase in intracellular cyclic adenosine monophosphate. At lower concentrations, methylxanthines are potent synergists of other pesticides known to activate adenylate cyclase in insects. These data suggest that methylxanthines may function as natural insecticides and that phosphodiesterase inhibitors, alone or in combination with other compounds, may be useful in insect control. because this species can be synchronously hatched and easily raised on either artificial or natural food. Before examining the effects of methylxanthines, I first investigated whether tea or coffee has any pestistatic or pesticidal activity. Finely powdered tea leaves (Camellia sinensis) or powdered coffee beans (Coffea arabica) were added at various concentrations to a liquid artificial medium, which was then placed in small petri dishes and allowed to harden. First instar larvae were then housed in these dishes. At concentrations from 0.3 to 10 percent (by weight) for coffee ( Fig.  IA) and from 0.1 to 3 percent for tea, there was a dose-dependent inhibition of feeding associated with hyperactivity, tremors, and stunted growth. At concentrations greater than 10 percent for coffee or 3 percent for tea larvae were killed within 24 hours.
To investigate the possible contribution of endogenous methylxanthines to these effects, I next examined the action of purified methylxanthines on larvae raised on either artificial or natural food. When added to artificial medium, caffeine (the major methylxanthine found in tea and coffee) exerted effects that were qualitatively similar to those described above. In addition, the concentration of purified caffeine required for 50 percent inhibition of weight gain was nearly identical to the concentration of endogenous caffeine in the coffee-medium mixture that caused 50 percent inhibition of weight gain (Fig. IA) . Dried tea leaves, which contain two to three times the caffeine of dried coffee beans, were about two to three times as effective as coffee beans in inhibiting weight gain (data not shown). Furthermore, the concentrations of caffeine found naturally in undried tea leaves (0.68 to 2.1 percent) or coffee beans (0.8 to 1.8 percent) were sufficient to kill most Manduca larvae, suggesting that naturally occurring methylxanthines could function as endogenous insecticides (4, 5). When applied as a spray to natural feeding substrates such as tomato leaves, caffeine, theophylline, or the synthetic compound 3-isobutylmethylxanthine (IBMX) exerted pestistatic and pesticidal effects that resulted in leaf protection (Fig. 1, B xanthines (Fig. ID) showed a similar pattern of activity (that is, rank-order potency and relative efficacy) to the inhibition of leaf consumption by these same methylxanthines (Fig. IC) . To determine whether the doses of methylxanthines (see Fig. 1 , B and C) ingested by the larvae (causing pestistatic and pesticidal activity in vivo) were actually absorbed by the animals and were sufficient to inhibit PDE in vivo, I performed additional studies to estimate concentrations of methylxanthine present in tissue after 3 days of feeding larvae on various doses of theophyllinetreated leaves (7). In these studies, larvae feeding on leaves treated with a 1 percent spray (an amount causing about 50 percent inhibition of leaf consumption) were found to contain an internal In addition, whereas caffeine has been reported to be tenfold weaker than theophylline as an adenosine antagonist (8), caffeine was somewhat more potent than theophylline in preventing leaf-eating and about equipotent as a PDE inhibitor (Fig. 1, C and D) . Also, whereas IBMX and theophylline are roughly equipotent in blocking adenosine receptors (8), IBMX was about tenfold more potent both in disruption of feeding and in PDE inhibition (Fig. ID) . Furthermore, the potent adenosine antagonist 8-phenyltheophylline [inhibition constant (Ki) for adenosine receptors, 0.12 to 1.0 ,uM (8, 9)] exerted little antifeeding effect and was a weak PDE inhibitor (Fig. 1, C and  D) . Finally, the nonxanthine papaverine was a potent inhibitor of both insect PDE (Ki, 40 FpM) and the ability of Manduca to feed (ED50, 0.1 percent spray). Unlike the methylxanthines, papaverine is an inhibitor of adenosine uptake, and it potentiates, rather than blocks (as do methylxanthines), physiological effects on adenosine receptors (10). Taken together, these data are more consistent with a mechanism of action related to inhibition of PDE than to blockade of adenosine (11).
Furthermore, other experiments suggested that the effects described above were probably not due to the reported calcium-mobilizing effects of the methylxanthines (12, 13). Specifically, methylxanthines are known to mobilize calcium from the sarcoplasmic reticulum, an effect blocked by diltiazem or procaine, and in the present experiments neither diltiazem nor procaine reversed the antifeeding effects of IBMX (12, Leaves treated with a low dose of caffeine or with a low (minimally toxic) dose of the formamidine pesticide didemethylchlordimeform (DDCDM) were eaten by a hornworm larvae at a rate similar to that for control leaves (Fig. 2) . However, when caffeine was combined with an identical amount of DDCDM, marked inhibition of feeding occurred and, by day 6, all larvae were dead. Synergism was also observed when DDCDM was combined with theophylline or IBMX. To quantitate this synergism, I next tested various concentrations of a primary octopaminergic pesticide in the absence or presence of a fixed dose of methylxanthine and measured remaining leaf area at the end of 4 days. In the absence of IBMX, the ED50 of DDCDM for inhibition of leaf consumption was about 0.2 gram-percent; in the presence of IBMX (0.1 percent spray), the ED50 of DDCDM was 0.003 percent. In other words, IBMX shifted the DDCDM dose-response curve to the left, causing more than a 50-fold increase in potency of the octopamine agonist. Similar enhancements were seen when IBMX was combined with other formamidines, including chlordimeform and monodemethylchlordimeform (18). IBMX also enhanced the pesticidal potency of nonformamidine octopamine agonists, such as 2-(2-methyl,4-chlorophenylimino)imidazolidine (NC7) (30-fold increase in potency) and 4-fluorophenylethanolamine (100-fold increase) (17). Furthermore, octopamine (0.1 to 1 percent spray), although exerting little antifeeding effect alone, had substantial antifeeding activity when combined with 0.1 percent IBMX.
As a result of the findings from these experiments, I next investigated whether IBMX, alone or combined with a primary octopamine agonist, would actually increase the cyclic AMP content of insect tissues and whether this content would be correlated with observed pesticidal effects. IBMX alone (0.1 mM) caused more than a doubling of tissue cyclic AMP content when intact, isolated Manduca nerve cords were incubated under physiological conditions (Table 1) . Furthermore, when combined with various primary octopamine agonists, 0.1 mM IBMX caused synergistic increases in cyclic AMP content. In other experiments with live larvae, the rank-order pesticidal effectiveness of these same combinations (on the basis of the ED50 value of the octopamine agonist for inhibition of leaf consumption) was DDCDM + IBMX = NC7 + IBMX-octopamine + IBMX = DDCDM alone > NC7 alone > octopamine alone (almost inactive). Thus, pesticidal effectiveness of various octopamine agonists, alone or combined with IBMX, agreed well with the ability of these same agents, alone or in combination, to increase tissue cyclic AMP (Table 1) Taken together, these data suggest that the pestistatic and pesticidal effects of the methylxanthines are mediated through an alteration of concentrations of cyclic AMP in tissue, most likely secondarily to an inhibition of PDE. These findings also suggest that naturally occurring methylxanthines could function as endogenous insecticides. Finally, value of the octopamine agonist for inhibition of leaf consumption) was DDCDM + IBMX = NC7 + IBMX-octopamine + IBMX = DDCDM alone > NC7 alone > octopamine alone (almost inactive). Thus, pesticidal effectiveness of various octopamine agonists, alone or combined with IBMX, agreed well with the ability of these same agents, alone or in combination, to increase tissue cyclic AMP (Table 1) .
These data, together with the following additional observations, provide supporting evidence for an involvement of cyclic AMP in the primary and synergistic pesticidal effects of the methylxanthines. (i) Forskolin, a diterpene that appears to activate the catalytic subunit of adenylate cyclase directly (19), stimulated cyclic AMP production in hornworm nerve cord in the absence of calcium and, in leaf-eating experiments, caused a disruption of feeding that was enhanced by IBMX. (ii) IBMX did not enhance the pesticidal effects of certain insecticides, including DDT (a chlorinated hydrocarbon), chlorpyriphos (organophosphate), and Karathane, none of which stimulated adenylate cyclase activity in insects in vitro. (iii) The metahydroxy isomer of octopamine was at least ten times less potent than octopamine (where the hydroxyl is in the para position) in activating octopamine-sensitive adenylate cyclase in insects; likewise, in the presence of IBMX, the meta isomer of octopamine showed no pestistatic or pesticidal activity whereas octopamine did. (iv) Among several phenyliminoimidazolidine derivatives, there was a rank-order correlation between the ability to activate adenylate cyclase in hornworms and the ability to disrupt their feeding on tomato leaves. (v) Finally, lipid-soluble cyclic AMP analogs such as the p-chlorophenylthio derivative of cyclic AMP were observed to disrupt feeding. These analogs, which were found in vitro to undergo significant hydrolysis by PDE activity in nerve cord (an effect blocked by IBMX), had their antifeeding activity in vivo enhanced by IBMX.
Taken together, these data suggest that the pestistatic and pesticidal effects of the methylxanthines are mediated through an alteration of concentrations of cyclic AMP in tissue, most likely secondarily to an inhibition of PDE. These findings also suggest that naturally occurring methylxanthines could function as endogenous insecticides. Finally, these results raise the possibility that methylxanthines or nonxanthine PDE inhibitors may be of some practical use in pest control, either alone or as synergists of certain other primary pesticides. In these results raise the possibility that methylxanthines or nonxanthine PDE inhibitors may be of some practical use in pest control, either alone or as synergists of certain other primary pesticides. In the latter case, potential toxicity for mammals could be reduced by targeting the primary pesticide at a receptor-associated adenylate cyclase (for example, octopamine) found primarily or exclusively in invertebrates (20, 21 of glycosylation (1). The most abundant GRP in chicken, hamster, rat, mouse, and human cells is a 78-kilodalton protein. While a one-to twofold increase in GRP78 can be detected after heat shock of the cultured cells, it is distinct from the major 72-to 73-kilodalton heat shock protein commonly observed in mammalian cells (1, 2) . We and others have described a temperature-sensitive (ts) hamster mutant cell line, K12, which overproduces the GRP's by a factor of 20 to 50 when the cells are incubated at the nonpermissive temperature, 40.5?C (3). Since the messenger RNA (mRNA) for GRP78 is also of glycosylation (1). The most abundant GRP in chicken, hamster, rat, mouse, and human cells is a 78-kilodalton protein. While a one-to twofold increase in GRP78 can be detected after heat shock of the cultured cells, it is distinct from the major 72-to 73-kilodalton heat shock protein commonly observed in mammalian cells (1, 2) . We and others have described a temperature-sensitive (ts) hamster mutant cell line, K12, which overproduces the GRP's by a factor of 20 to 50 when the cells are incubated at the nonpermissive temperature, 40.5?C (3). Since the messenger RNA (mRNA) for GRP78 is also
Regulation of a Hybrid Gene by Glucose and Temperature in Hamster Fibroblasts
Abstract. A novel eukaryotic hybrid gene has been constructed from the 5' sequence of a rat gene and the bacterial neomycin-resistance gene. After transfection into hamster fibroblasts, the neo transcripts can be induced to high levels by the absence of glucose. Furthermore, this hybrid gene can be regulated by temperature when it is introduced into a temperature-sensitive mutant cell line.
